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(57) ABSTRACT

A downhole chemical reactor can be placed in a downhole
environment to generate gas 1n-situ. This gas can pressurize
an 1nner pressure chamber of the downhole chemical reactor
to create a pressure-on-demand source or to maintain a
constant pressure reservoir, depending on the configuration
of a reactor controller coupled to an inlet of the inner
pressure chamber. The mnner pressure chamber contains one
or more desired chemical reactants and the reactor controller
operates to permit well fluid to flow from the wellbore and
into the inner pressure chamber. The well fluid reacts with
the desired chemical reactants and generates one or more
gases such as hydrogen or carbon dioxide. The generated
gases pressurize the mner pressure chamber and a pressure
regulator coupled to the inner pressure chamber maintains a
maximum pressurization of the mner pressure chamber. For
a constant pressure reservoir, the reactor controller repeats
this cycle indefinitely.

8 Claims, 5 Drawing Sheets
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DOWNHOLE CHEMICAL REACTOR AND
GAS GENERATOR WITH PASSIVE OR
ACTIVE CONTROL

TECHNICAL FIELD

The present technology pertains to downhole gas genera-
tion, and more specifically to downhole gas generation to
provide a pressure reservoir or a pressure-on-demand sys-
tem.

BACKGROUND

Hydraulic and pneumatic power systems have both
proven to be extremely popular 1n not only downhole and
sub-surface environments, but in the wider world as well, as
these systems can be utilized for end-to-end power genera-
tion, control, and transmission. The popularity of hydraulic
and pneumatic power systems stems at least in part from
factors such as their easy and accurate control, their simple
and economical design and maintenance requirements, their
eilicient force multiplication, and their ability to provide
constant force and/or torque. The systems differ primarily 1n
their choice of working fluid—hydraulic systems utilize a
fluid such as an o1l or a specially designed hydraulic fluid,
whereas pneumatic systems utilize a gas such as ambient air
or nitrogen. Hydraulic systems are known for their ability to
transier very large amounts of power through small diameter
tubes and hoses, while pneumatic systems are known for
their extremely fast response times.

A number of existing downhole and borehole tools are
designed to run on hydraulic or pneumatic power, or can
otherwise be converted to run on hydraulic or pneumatic
power. However, these tools are almost always powered
from the surface, as typically large combustion engines are
used to charge the accumulator(s) of the hydraulic or pneu-
matic system. When powering from the surface, the hydrau-
lic or pneumatic lines may need to stretch for long distances
in order to reach a tool at the bottom of a deep borehole, or
become subject to snapping or other damage when passing
through an area of adverse environmental conditions, both
of which can reduce not only the efliciency of the hydraulic

or pneumatic system, but can also reduce the viability of

using such a system in the downhole environment.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to describe the manner 1n which the above-recited
and other advantages and features of the disclosure can be
obtained, a more particular description of the principles
briefly described above will be rendered by reference to
specific embodiments thereof which are illustrated 1n the
appended drawings. Understanding that these drawings
depict only exemplary embodiments of the disclosure and
are not therefore to be considered to be limiting of 1ts scope,
the principles herein are described and explained with
additional specificity and detail through the use of the
accompanying drawings 1n which:

FIG. 1 1s a schematic view of a wellbore operating
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the present disclosure may operate;

FIGS. 2A-C are schematic views of an exemplary down-
hole chemical reactor as it transitions from an un-pressur-
1zed state to a pressurized state;

FIG. 3A 1s a schematic view of an exemplary on-demand
downhole chemical reactor with multi-valve reactor control
mechanism;
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FIG. 3B 1s a schematic view of an exemplary on-demand
downhole chemical reactor with pumped reactor control

mechanism;

FIG. 4 1s a schematic view of an exemplary on-demand
downhole chemical reactor with a phase change pump
system to provide a continuous pressure reservoir based on
downhole variations; and

FIG. 5 1s a schematic view of an exemplary on-demand
downhole chemical reactor with a pressure accumulator
system to provide a continuous pressure reservolr based on
downhole variations.

DETAILED DESCRIPTION

Various embodiments of the disclosure are discussed 1n
detail below. While specific implementations are discussed,
it should be understood that this 1s done for illustration
purposes only. A person skilled in the relevant art wall
recognize that other components and configurations may be
used without parting from the spirit and scope of the
disclosure. Additional features and advantages of the dis-
closure will be set forth in the description which follows,
and 1n part will be obvious from the description, or can be
learned by practice of the herein disclosed principles. The
teatures and advantages of the disclosure can be realized and
obtained by means of the instruments and combinations
particularly pointed out in the appended claims. These and
other features of the disclosure will become more fully
apparent {from the following description and appended
claims, or can be learned by the practice of the principles set
forth herein.

It should be understood at the outset that although 1llus-
trative 1mplementations of one or more embodiments are
illustrated below, the disclosed apparatus and methods may
be implemented using any number of techniques. The dis-
closure should in no way be limited to the illustrative
implementations, drawings, and techniques 1llustrated
herein, but may be modified within the scope of the
appended claims along with their full scope of equivalents.

Disclosed herein 1s a downhole chemical reactor which 1s
capable of generating one or more gases for providing
pressure-on-demand or filling and maintaining a constant
pressure reservolr. The downhole chemical reactor can be
placed in a wellbore or other downhole environment for
purposes ol 1n-situ gas generation, and the resultant pressure
from the generated gas can be used to drive one or more
hydraulic or pneumatic tools, which may be located 1n the
same wellbore or downhole environment as the chemical
reactor. One or more desired reactants are contained within
an 1mnner chamber of the chemical reactor, where the reac-
tants are selected such that they react with one or more well
fluids (such as the well brine surrounding the downhole
chemical reactor) to generate the one or more gases. Dii-
ferent reactor control mechanisms or reactor controllers can
be employed 1n order to flood the downhole chemaical reactor
with a suitable amount of fluid for the reaction, as will be
explained 1n greater depth below. In general, the different
reactor control mechanisms or reactor controllers can be
differentiated as passive or active, and/or can be diflerenti-
ated on the basis of whether or not they configure the
downhole reactor to provide a pressure-on-demand system
Or a constant pressure reservoir system.

FIG. 1 1illustrates a schematic view of an embodiment of
a wellbore operating environment in which a downhole
chemical reactor for gas generation may be deployed. As
depicted i FIG. 1, the operating environment 100 1ncludes
a wellbore 114 that penetrates a formation 102 that includes
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a plurality of formation zones 2, 4, 6, and 8 for the purpose
of recovering hydrocarbons, storing hydrocarbons, dispos-
ing of carbon dioxide, or the like. As depicted 1n FIG. 1,
formation 102 1s a subterranean formation, although it is
noted that formation 102 may be a subsea formation. The
wellbore 114 may extend substantially vertically away from
the Earth’s surface over a vertical wellbore portion, or may
deviate at any angle from the Earth’s surface 104 over a
deviated or horizontal wellbore portion 118. In alternative
operating environments, portions or substantially all of the
wellbore 114 may be vertical, deviated, horizontal, and/or
curved. The wellbore 114 may be drilled into the formation
102 using any suitable drilling technique. As shown, a
drilling or servicing rig 106 disposed at the surface 104
(which may be the surface of the Earth, a seafloor surface,
or a sea surface) comprises a derrick 108 with a rig floor 110
through which a tubular string (e.g., a drill string, a tool
string, a segmented tubing string, a jointed tubing string, or
any other suitable conveyance, or combinations thereof)
generally defining an axial flowbore may be positioned
within or partially within the wellbore 114. The tubular
strings may include two or more concentrically positioned
strings of pipe or tubing (e.g., a first work string may be
positioned within a second work string). The drilling or
servicing rig 106 may be conventional and may include a
motor driven winch and other associated equipment for
lowering the tubular string into the wellbore 114. Alterna-
tively, a mobile workover rig, a wellbore servicing unit (e.g.,
colled tubing units), or the like may be used to lower the
work string into the wellbore 114. In such an environment,
the tubular string may be utilized 1n drilling, stimulating,
completing, or otherwise servicing the wellbore, or combi-
nations thereof.

While FIG. 1 depicts a stationary drilling rig 106, one of
ordinary skill 1n the art will readily appreciate that mobile
workover rigs, wellbore servicing units (such as coiled
tubing units), and the like may be employed. In the context
of subsea environments and/or subsea formations, one of
ordinary skill in the art will appreciate that conventional
fixed platiforms, vertically moored platiforms, spar platiorms,
semi-submersible platforms, floating production facilities,
and sub-sea completion facilities and the like may be
employed. It 1s noted that while the Figures or portions
thereof may exemplily horizontal or vertical wellbores, the
principles of the presently disclosed apparatuses, methods,
and systems, may be similarly applicable to horizontal
wellbore configurations, conventional vertical wellbore con-
figurations, deviated wellbore configurations, and any com-
binations thereof. Therefore, the horizontal, deviated, or
vertical nature of any figure 1s not to be construed as limiting,
the wellbore to any particular configuration or formation.

As depicted 1n FIG. 1, at least a portion of the wellbore
114 1s lined with a wellbore tubular 120 such as a casing
string and/or liner defining an axial flowbore 121. In at least
some 1nstances, one or more packer assemblies 200, such as
a first packer assembly 2004, second packer assembly 2005,
third packer assembly 200c¢, and fourth packer assembly
2004, may be disposed within the wellbore 114. In some
instances, the one or more packer assemblies 200 may be
used to 1solate two or more adjacent portions or zones within
formation 102 and/or wellbore 114. In some cases, the one
or more packer assemblies 200 are operable to engage
and/or seal against an outer tubular string such as tubular
string 120. According to at least one aspect of the present
disclosure, at least a portion of the wellbore tubular 120 1s
secured 1nto position against the formation 102 via a plu-
rality of packer assemblies 200, such as assemblies 200a-
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2004. In at least some 1nstances, a portion of the wellbore
tubular 120 may be partially secured 1nto position against
the formation 102 1n via cement, e.g. when wellbore tubular
120 1s a casing.

As depicted 1n FIG. 1, the operating environment 100 may
turther include at least one downhole tool 300 (e.g., a first
downhole tool 300a, a second downhole tool 30054, a third
downhole tool 300¢, and a fourth downhole tool 3004). The
downhole tools may be any variety of downhole tools such
a sleeve, a valve, a piston, a sensor, or an actuator to inflate
the packers 200, or other devices.

In many scenarios, it can be desirable to couple a hydrau-
lic or pneumatic power system to one or more components
within wellbore 114, and in particular, to one or more
components of the tubular strings (e.g. wellbore tubular 120)
positioned within wellbore 114. For example, a pneumatic
power system can be used to inflate one or more of the
packer assemblies 200a-2004d, and a hydraulic power system
can be used to control, operate, or otherwise actuate one or
more of the downhole tools 3004-3004. In either use case,
conventional hydraulic and pneumatic power systems will
rely upon one or more large and high-powered mechanical
pumps or compressors to generate and apply the requisite
pressure to the working fluid of the system. However, these
mechanical pumps and compressors (and their correspond-
ing support infrastructure and maintenance requirements)
are often times impractical or even impossible to implement
in challenging or changing environments such as those
associated with subsea formations and subsea wellbores, and
are too large to be physically installed downhole, meaning
that subsea o1l and gas operations will often forego their use.
Accordingly, as disclosed herein, it would be highly desir-
able to provide a downhole chemical reactor for creating
hydraulic or pneumatic pressure, either on demand or within
a charged accumulator, without using a mechanical or elec-
trical pump.

FIGS. 2A-2C depict a downhole chemical reactor 240 as
it goes from an uncharged (or minimally pressurized) state
in FIG. 2A (shown here as ~0 ps1 within the reactor 240) to
a fully charged (or maximally pressurized) state in FIG. 2C
(shown here as ~1100 ps1, although other maximum pres-
surizations are possible, as will be explained below). It 1s
noted that the pressure values discussed herein are taken
relative to another pressure, such as relative to hydrostatic
pressure, to an ambient pressure, or to a reference pressure.
The downhole chemical reactor 240 contains, 1n 1ts 1nterior,
an mner pressure chamber which 1tself contains a reactant
242, such as an anhydrous acid, although other reactants are
possible and additional examples are discussed herein.
Reactant 242 can be selected on the basis of 1its ability to
react with one or more wellbore fluids, which most typically
are brines, to yield a gas, which most typically 1s hydrogen
or carbon dioxide. Although the downhole chemical reactor
240 as shown in FIGS. 2A-C provides a one-time use,
pressure-on-demand functionality, it 1s nevertheless pro-
vided with a reactor controller mechanism by way of a check
valve 226. Check valve 226 1s installed on the fluid intake
of the chemical reactor 240, and 1s shown here as having an
exemplary 10 ps1 cracking pressure, which 1s the minimum
pressure required in order for the check valve 226 to open.
It 1s noted that various different cracking pressures for check
valve 226 can be employed without departing from the
scope ol the present disclosure. Downhole chemical reactor
240 1s additionally configured with a pressure regulator 1n
order to regulate or otherwise control downhole chemical
reactor 240 to not exceed the maximum pressurizations
discussed above. As shown 1n FIG. 1, this pressure regulator
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may comprise a relief valve 244, which 1s depicted as having
a set pressure of 1000 ps1, although various other set points
or set pressures can be employed without departing from the
scope ol the present disclosure. Factors that can influence
the selection of reactant 242 (and which may also influence
the rate of the gas generation reaction) include but are not
limited to: the chemical composition of the salts within the
well brine or well flmd; the pH of the well fluid; the
temperature of the well fluid, or 1f different, the temperature
within downhole chemical reactor 240; the desired amount
of pressure and/or gas; and the volume of the downhole
chemical reactor 240. In most scenarios, it 1s contemplated
that the gas generation reaction to fully charge downhole
chemical reactor 240 to its desired maximum pressure will
take place on the order of minutes or hours, although of
course longer time scales are possible depending upon the
specific selection of reactant(s) 242 and the ambient down-
hole conditions.

As mentioned previously, FIG. 2A depicts the downhole
chemical reactor 240 1n an uncharged or minimally pressur-
1zed state—the internal pressure of its inner pressure cham-
ber and the external pressure of the wellbore/downhole
environment are balanced (shown here as both being 0 psi1).
In this uncharged state, no fluid 1s present within downhole
chemical reactor 240 and reactant 242 1s not involved with
any ongoing gas-producing reaction. This uncharged state
might be associated with downhole chemical reactor 240
before 1t has been installed 1n a downhole environment, an
environment which 1s the primary contributing factor caus-
ing the external pressure surrounding downhole chemical
reactor 240 to increase, as illustrated 1in FIG. 2B. In some
embodiments, the external pressure surrounding downhole
chemical reactor 240 may be a natural product of the
wellbore/downhole environment, e.g. generally tends to
increase with depth. In some embodiments, the external
pressure surrounding downhole chemical reactor 240 may
be externally influenced, for example by pumping into the
wellbore or annulus to increase the pressure acting on the
downhole chemical reactor 240.

In FIG. 2B, downhole chemical reactor 240 has been
installed into a downhole environment (or 1s in the process
of being installed into a downhole environment), where the
downhole well environment 1s associated with an exemplary
current well pressure of 100 psi. Because the well pressure
exceeds the interior pressure of downhole chemical reactor
240 (or more specifically, exceeds the pressure of the mner
pressure chamber of reactor 240) and because the well
pressure also exceeds the 10 psi cracking pressure of check
valve 226, check valve 226 opens and allows well brine (or
some other surrounding well fluid) to flow into and fill the
interior volume (also referred to herein as the “inner pressure
chamber’) of downhole chemical reactor 240. This filling
process 1s indicated by the increased fluid level within
chemical reactor 240 as seen 1n FIG. 2B compared to FIG.
2A. Check valve 226 remains open and well brine continues
to flow 1nto the inner chamber of downhole chemical reactor
240 until the reactor pressure reaches equilibrium with the
well pressure. Here, the equilibrium pressure 1s approxi-
mately 90 psi1, and 1n general the equilibrium pressure can be
determined as the difference between the external well
pressure acting on downhole chemical reactor 240 and the
cracking pressure of check valve 226. As such, the equilib-
rium pressure can be made higher or lower (for a given well
pressure) by respectively increasing or decreasing the crack-
ing pressure of check valve 226. The equilibrium pressure
can also be adjusted by re-positioning downhole chemical
reactor 240 within the wellbore or downhole environment,
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such that the external well pressure acting on the reactor
changes. In some embodiments, downhole chemical reactor
240 might be flooded upon 1installation, such that its pres-
surized reservoir 1s fully charged for immediate use. How-
ever, due to leakage or gradual loss of pressure, it can be
desirable for downhole chemical reactor 240 to be installed
in the downhole environment without being tlooded, such
that the pressurized reservoir can be charged 1n response to
a direct or indirect command from the surface when it 1s
determined at some future time to be needed.

As well brine flows 1n and fills the inner chamber of
downhole chemical reactor 240, the well brine begins to
react with at least a portion of reactant 242. In some
embodiments, reactant 242 might comprise a single chemi-
cal compound, or might comprise a mixture of various
different chemical compounds, each of which will react with
a different well fluid or will react for a given set of reactor
conditions. In this manner, downhole chemical reactor 240
can generate gas for a wider range of well fluids and can do
so 1n a wider range ol downhole conditions. In some
embodiments, reactant 242 can comprise one or more of a
magnesium alloy or an aluminum alloy, which react with
well brine to generate hydrogen gas. In some embodiments,
reactant 242 can comprise calcium, which reacts to produce
calcium hydroxide and hydrogen. In some embodiments,
reactant 242 can comprise zinc and the well fluid 1s an acid
used 1n a wellbore cleanup operation, the two of which will
react to generate hydrogen gas. More generally, 1t 1s con-
templated that reactant 242 can comprise one or more
metals, which will react to form a metal oxide, which then
further reacts to produce a metal hydroxide and hydrogen
gas. In some embodiments, rather than selecting reactants
242 to generate hydrogen gas, reactants 242 can be selected
to react with the well fluid to generate carbon dioxide.

In some embodiments, the volume of the inner chamber
of downhole chemical reactor 240, and therefore the volume
of well brine that floods the reactor, can far exceed the
volume of fluud required to react with reactant 242 to
generate suflicient gas to reach the maximum pressurization
defined by rehiet valve 244. For example, downhole chemi-
cal reactor 240 might have a volume of about 38 liters (L)
(about 10 gallons) when only about 236 mailliliters (ml)
(about 1 cup) of water 1s required for the gas generation
reaction, although of course other reactor volumes and
minimum fluid requirements are possible without departing
from the scope of the present disclosure. Nevertheless,
regardless ol the precise ratio between the reactor volume
and volume of fluid required, 1t 1s very frequently the case
that excess fluid will be present within the mner chamber of
downhole chemical reactor 240. However, downhole chemai-
cal reactor 240 1s self-regulating to stabilize at its maximum
pressure and expel any excess fluid before 1t can react further
and waste any significant amount of reactant 242, as will be
explained below.

As the well brine reacts with reactant 242 and gas 1s
generated, the imnternal pressure of downhole chemical reac-
tor 240 increases, as the newly generated gas 1s unable to
exit through the one-way check valve 226 and 1s, as of vet,
isuiliciently pressurized to open relief valve 244, which for
example may have an opening pressure of 1000 psi1. Accord-
ingly, the downhole chemical reactor 240 will continue to
increase 1n pressurization until erther an insuflicient quantity
of raw material (e.g. well brine or reactant 242) remains or
until 1ts internal pressure reaches the maximum defined by
relief valve 244. As seen 1n FIG. 2C, the maximum internal
pressure of downhole chemical reactor 240 1s, as an
example, 1100 ps1, at which point relief valve 244 will open.
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Because well fluid 1s almost always denser than the gas
generated within downhole chemical reactor 240, the well
fluid will be forced out of relief valve 244 before the
generated gas, due to the positioning of relief valve 244 on
the bottom portion of downhole chemical reactor 240.
Assuming that reactant 242 1s not a limiting factor 1n the gas
generating reaction, such a design advantageously termi-
nates the reaction in a more expeditious fashion by removing,
what 1s at this point merely excess well tluid within down-
hole chemical reactor 240, until downhole chemical reactor
240 reaches the final charged state depicted in FIG. 2C,
where there 1s no longer any well fluid left (and hence the
gas generating reaction has terminated). Although relief
valve 244 1s shown here as having a set pressure of 1000 psi
and downhole chemical reactor 240 1s shown as being
associated with a maximum pressurization of 1100 psi, 1t 1s
appreciated that these values are provided by way of
example and are not meant to be limiting. Various relative
pressures for one or more portions or components of the
environments, downhole chemical reactors, reactor control
mechanisms, reactor controllers, pressure regulators, and so
on of the present disclosure can be associated with various
other relative pressure values as desired, and as depends on
reactor design and the downhole conditions. As an example,
relietf valve 244 (or other pressure regulators included 1n the
scope ol the present disclosure) may for istance be con-
figured 1n a range of about 50 to 1500 psi1, and downhole
chemical reactor 240 may have a maximum pressurization 1n
a range of about 150 to 1600 psi.

Thus, as mentioned above, downhole chemical reactor
240 15 self-regulating via the relief valve 244—~relief valve
244 may open a first time to expel, for example, half of the
well fluid contained within downhole chemical reactor 240
betfore closing, at which point the gas generation reaction
will raise the interior pressure of the reactor until relief valve
244 opens once again to expel an additional portion of the
remaining halt of the well fluid contained within the reactor.
This process will continue until there 1s no well fluid left.
The set pressure of the reliel valve sets the maximum
pressure differential that the downhole chemical reactor 240
may achieve above the well pressure. If this maximum
pressure differential 1s ever exceeded, then relietf valve 244
will act to expel any excess pressure and any excess well
fluid to ensure that any wastage of reactant 242 1s mini-
mized. Thus, in this manner relief valve 244 1s coupled to the
inner pressure chamber of downhole chemical reactor 240 1n
order to act as a pressure regulator to control a maximum
pressurization of the inner pressure chamber. Such a func-
tionality 1s particularly useful imn permanent installations
where 1t 1s not contemplated that downhole chemical reactor
240 will ever be removed for servicing or replenishment of
its supply of reactant 242.

However, the design of downhole chemical reactor 240 as
depicted 1s not seli-replenishing, as it possesses no mecha-
nism to re-flood its inner chamber an 1nitiate additional gas
generation reactions to re-pressurize itself. In other words,
downhole chemical reactor 240 1s shown as a one-time use
reactor—its 1100 ps1 charged volume can be used to perform
work until being reduced to the 90 ps1 equilibrium pressure
(described above as being based upon the external well
pressure and the cracking point of check valve 226), at
which point downhole chemical reactor 240 1s 1 a fully
depleted state.

Accordingly, FIG. 3A depicts a downhole chemical reac-
tor 340 which permits pressure to be generated multiple
times 1n an on-demand fashion. That 1s, downhole chemical
reactor 340 1s fitted with a reactor controller capable of
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refilling reactor 340 or otherwise capable of resetting reactor
340 and mitiating an additional gas generation reaction to
provide an additional on-demand pressure.

In some embodiments, downhole chemical reactor 340
can be 1dentical to previously described downhole chemical
reactor 240, with the exception of this different reactor
controller described above. In particular, FIG. 3A depicts
downhole chemical reactor configured with a reactor con-
troller comprising an upper valve 326a and a lower valve
326b that can be controlled from the surface to flood
downhole chemical reactor 340 multiple times. In scenarios
in which pressurization will be needed on an infrequent
basis, 1t 1s typically unnecessary to maintain a constant
pressure reservolr, and downhole chemical reactor 340 1s
suitable to meet this infrequent use case.

When 1t 1s determined that a pressure source 1s needed
downhole, such as to power a packer assemblies 200 or
downhole tool 300, e¢.g. to 1nflate a packer, move a sleeve,
power a downhole tool, open a valve, move a piston etc., a
command can be received to open both the upper valve 326a
and the lower valve 326b. These valves can be electrically
controlled, mechanically controlled, hydraulically con-
trolled, or controlled via any other known valve control
mechanism, and as mentioned previously, 1t 1s contemplated
that these valves are controlled 1n response to one or more
commands recetved from the surface. In some embodiments,
a small downhole battery might be present (or combined
with the downhole chemical reactor), such that only control
commands need be received from the surface, leaving the
downhole tool(s) and/or borehole assembly fully self-pow-
ered, with the downhole battery providing electrical needs
for low to moderate power applications and the downhole
chemical reactor providing hydraulic/pneumatic needs for
high power applications. In some embodiments, the down-
hole battery can be supplemented with or replaced by
clectrical supply lines from the surface, which might also
carry wireline or other communications and commands,
although 1n such embodiments the downhole chemical reac-
tor remains better suited for high power hydraulic and
pneumatic applications, as even surface electrical power
supply may be insuflicient.

Returning now to the discussion of the upper valve 3264
and the lower valve 3265, with both valves open, any excess
gas (e.g. generated 1 a previous cycle that did not fully
empty the reactor) within the mmner chamber of downhole
chemical reactor 340 1s vented until the reactor pressure
reaches equilibrium with the well pressure. This excess gas
vents from upper valve 326a. Once this equilibrium 1s
reached, a volume of well fluid enters downhole chemical
reactor 340 from the bottom, via lower valve 32654, while a
corresponding volume of gas 1s displaced through upper
valve 326a.

Upper valve 326a and lower valve 3265 are then closed.,
allowing pressure to build within downhole chemical reactor
340 as was described above with respect to FIGS. 2A-C.
Downhole chemical reactor 340 1s also self-regulating to
expel any excess pressure and excess fluid via relietf valve
344, via a similar or identical pressure regulator as downhole
chemical reactor 240, although 1t 1s also possible that one or
more of upper valve 326a and lower valve 3265 could also
be opened and closed to achieve the same or similar regu-
latory eflect. Additionally, in some embodiments 1t can be
possible to meter (via a dedicated sensor or via an inference/
estimate) the amount of well fluid that floods the inner
chamber of downhole chemical reactor 340, such that a
minimal amount of excess well fluid 1s permitted to enter.
For example, continuing the example of about a 38 L reactor
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volume and about 236 ml required quantity of well fluid, the
upper and lower valves 326a,b6 might be closed as soon as
it 1s determined that about 236 ml of well fluid has entered.
In some embodiments, 1t can be desirable to close the valves
alter determining some quantity of well fluid 1n excess of the
mimmum required has entered downhole chemical reactor
340, as once the valves are closed and the reactor reaches
some pressure above the well pressure, there 1s no way to
intake additional well fluid without first venting the gener-
ated gas and returning the reactor to equilibrium with the
well pressure. Although about 38 L and about 236 ml are
used herein as examples, any relative amounts may be
employed depending on the reactor size, amounts of reac-
tants, and wellbore conditions.

In some embodiments, rather than using a discrete upper
valve 326a and lower valve 32656 to provide the reactor
controller, a single large-diameter inlet valve could be used
as the reactor controller, where its diameter 1s large enough
to permit the simultancous ingress of well fluid and egress
of gas from the downhole chemical reactor 340. An advan-
tage of using a single large-diameter inlet valve as the
reactor controller 1s that there 1s no need for coordinating the
open and close timings like there 1s with the upper valve
326a and lower valve 32656, which should operate 1n sub-
stantially synchronous fashion in order to minimize unex-
pected or undesirable movements of well fluid and reactor
gas. However, the single large-diameter inlet valve 1s gen-
crally unable to selectively vent either gas or well fluid, as
1s possible with the upper valve 326a and lower valve 3265,
as the ilet to the single large-diameter valve on the interior
of downhole chemical reactor 340 will almost always be
tully covered by the well fluid (af the single valve 1s located
towards the bottom portion of the reactor) or fully covered
by the reactor gas (if the single valve 1s located towards the
upper portion of the reactor).

FIG. 3B depicts an embodiment in which downhole
chemical reactor 340 1s configured with a reactor controller
comprising a small downhole pump 350. Pump 350 prefer-
ably 1s located 1n close proximity to the downhole chemical
reactor, although this 1s not required. In some embodiments,
the downhole pump 350 is electrical 1n nature and can be
driven by a downhole battery, such as the one discussed
above for optionally actuating the upper and lower valves
326a,6 or the single large-diameter valve. In a similar
advantage, the use of the pump 350 allows a small amount
of electrical power to be leveraged to release a large amount
of chemical energy (via the gas generation reaction within
reactor 340), which can then be utilized as a direct source of
downhole hydraulic or pneumatic pressure. This 1s particu-
larly advantageous, as discussed previously, in o1l and gas
environments or operations where the use of large, conven-
tional hydraulic or pneumatic systems 1s not logistically or
financially feasible, such as subsea environments.

A check valve 356 1s mterposed between the output of
downhole pump 350 and the inlet of downhole chemical
reactor 340, shown here as having a cracking pressure of 10
psi. Here, the primary purpose of check valve 356 1s to
provide a one-way flow such that well fluid may be pumped
into the downhole chemical reactor 340 by the pump 350,
but gas cannot flow out of the reactor via this same path. As
such, check valve 356 can more generally be selected to
have a cracking pressure suthiciently low that pump 350 need
not be high-powered.

In operation, pump 350 functions as the reactor controller
by moving a desired volume of well fluid from the wellbore
and into the mnner pressure chamber of downhole chemical
reactor 340, which causes the reactor to become pressurized
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by the gas generation reaction of the well fluid with reactant
342. The amount of well fluild pumped into the inner
chamber of downhole chemical reactor 340 can many times
be more precisely metered via pump 350 than 1t can be when
using either the upper and lower 1nlet valves 326a,b5 or the
singe large-diameter inlet valve. Additionally, pump 350
may be suiliciently powertul to pump against a pressure
gradient such that well fluid may be pumped into downhole
chemical reactor 340 even when the reactor i1s partially
pressurized, which was not necessarily possible in either of
the inlet valve configurations discussed above. As such,
downhole chemical reactor 340 in thus pump-driven con-
figuration 1s not associated with a minimum or equilibrium
pressure that depends strictly upon the external well pressure
surrounding the reactor, although 1t 1s noted that the maxi-
mum pressure as shown does still depend upon a combina-
tion of the external well pressure and the set point of the
pressure regulator comprising relief valve 344,

Instead, downhole chemical reactor 340 can have a mini-
mum pressure that 1s controllable or adjustable via pump
350. For example, assuming that pump 350 is sufliciently
powerful, 1t can be configured to pump 1n some additional
volume of well fluid every time downhole chemical reactor
340 falls below a desired minimum pressurization, €.g.
trigger pump 350 when the reactor pressure falls below 250
psi. Advantageously, this can maintain a more reliable
source ol pressure by avoiding a state where the downhole
chemical reactor 240 reaches equilibrium with the pressure
of the surrounding well. However, such a configuration 1s
more power intensive, requires relatively frequent operation
of pump 350, and can require a much larger and more
powerful pump 350 than 1s feasible in the downhole envi-
ronment. Indeed, operation of pump 350 1n the manner
described above eflectively causes it to function 1n a manner
similar to conventional surface hydraulic or pneumatic sys-
tems, which constantly run one or more pumps to maintain
a pressure reservoir.

Accordingly, 1t would be desirable to provide a downhole
chemical reactor with a pumping system capable of lever-
aging natural variations within the wellbore or downhole
environment to thereby maintain the downhole chemical
reactor as a constant pressure reservoir without requiring an
clectrical or similar mechanical pump.

FIG. 4 depicts a downhole chemical reactor 440 (which 1n
some embodiments can be similar or identical to one or more
of the downhole chemical reactors 240, 340 described
above) configured with a reactor controller comprising a
phase change pump system 400. In some embodiments,
phase change pump system 400 may comprise a wax pump
system, as 1s the case 1n the context of the illustrative
example below. However, 1t 1s understood that reference to
a wax pump system 1s not to be construed as limiting, and
that the phase change pump system 400 described below
may instead be replaced by various other phase change
pump systems that do not rely upon wax as their actuation
fluid but 1include any material which may undergo a phase
change and/or volume change (the phase change may result
in a volume change) in response to one or more predeter-
mined temperature thresholds. The phase change material
which may be used includes for example, synthetic or
natural waxes, petroleum dernived waxes, parathn waxes,
microcrystalline wax, polymers or copolymers, polyethyl-
ene or polypropylene polymers, resins, long chain aliphatic
hydrocarbons, including alkanes, alkenes, as well as esters,
carboxylic acids, alcohols, ketones, aldehydes and deriva-
tives thereol having long alkyl (saturated or unsaturated)
chains. Various factors, such as the number of carbons,
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molecular weight, branching and saturation can be adjusted
to obtain the desired melt temperature of the wax or poly-
mer. The phase change material may undergo phase change,
solidifying or melting, and may be selected to have melting
points within the range of at least 120° F., alternatively, at
least 250° F., alternatively, at least 300° F., alternatively, at
least 340° F., or alternatively within a range from about 120°
F. to about 330° F., alternatively from about 250° F. to about
350° F. A pump system 400 may include a plurality of phase
change materials each having a diflerent melting point, for
instance, a first material at 290° F., a second material at 300°
F., a third material at 310° F., and so on across a desired
range. Such temperatures are merely 1illustrative, and as
such, any number of diflerent melting points can be selected
by adjusting or selecting the corresponding phase change
material for any plurality of selected different melting
points.

For the sake of illustration and consistency with prior
examples, downhole chemical reactor 440 i1s depicted as
experiencing the same external well pressure of 100 ps1 and
as having the same 1000 psi set poimnt for its pressure
regulator relief valve 444, although 1t 1s appreciated that one
or both of these parameters could vary or otherwise be
adjusted without departing from the scope of the present
disclosure.

As 1llustrated, the reactor controller provided by phase
change pump system 400 comprises a {irst phase change
pump 402 having a melting point of 290° F., a second phase
change pump 404 having a matenial with a melting point of
300° F., and a third phase change pump 406 having a
material with a melting point of 310° F., although other
numbers ol melting points are possible without departing
from the scope of the present disclosure. The phase change
pumps 402, 404, 406 cach have an ilet with a check valve
412a, 414a, 414c, respectively, and each have an outlet with
a check valve 412b, 414b, 416c¢, respectively. The inlets
draw from the well fluid 1n the downhole environment and
the outlets discharge into the downhole chemical reactor
440. As shown here, all six of the check valves have the
same 10 ps1 cracking pressure, although the choice of
cracking pressure can be chosen to better match the indi-
vidual pumping characteristics of each phase change pump
and/or the expected downhole conditions and temperature
variations.

In operation, thermal variations within the downhole
environment will cause the phase change pumps 402-406 to
variously and intermittently go through melting and solidi-
tying cycles, which leverages the volume change associated
with this change of state to drive the pumping action of the
overall phase change pump system 400. In particular, the
phase change pumps 402-406 are can be configured such
that they experience a 10-20 percent change 1n volume when
going from solid to liquid, and vice versa. For instance, the
volume change may be in an increase in volume when
heated (melting) and a decrease i volume when cooled
(soliditying).

The phase change matenial, such as wax, located on the
left-hand side of each phase change pump 1n a phase change
compartment separated from a fluid compartment on the
right-hand side of the phase change pump. The phase change
compartment and fluid compartment are separated by by a
membrane, piston, or other moveable partition that eflec-
tively seals the two compartments to prevent intermingling,
of the phase change material and well fluid. When the phase
change material solidifies, 1t reduces 1n volume and causes
the phase change material compartment to contract. The
fluid compartment undergoes a corresponding expansion,
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which allows well tluid to overcome the cracking pressure of
the check valve on the inlet of the phase change pump and
then flow into the fluid compartment to occupy the newly
expanded volume. When the phase change material melts, 1t
increases 1n volume and causes the phase change compart-
ment to expand. The fluid compartment undergoes a corre-
sponding contraction, which forces a portion of the well
fluid contained within the fluild compartment to be dis-
charged through the outlet of the phase change pump.

The outlets of the three phase change pumps 402-406,
alter passing through their respective check valves 412c¢-
416¢, are connected by a common conduit, seen in FIG. 4 as
the vertical branch interconnecting the phase change pumps.
This common conduit has a first branch terminating 1n a
relief valve 424 (shown here with a 900 psi1 set pressure) and
having a second branch terminating at an inlet of the
downhole chemical reactor 440 (after passing through a
check valve 426, shown with a 10 ps1 cracking pressure).
The relietf valve 424 determines the maximum pressure that
can exist within the common conduit, and 1n the case of FIG.
4, the maximum pressure for the common conduit 1s 1000
psi, as this 1s the pressure sutlicient to overcome the 900 psi
set pressure of reliet valve 424 and the 100 psi external
pressure of the wellbore/downhole environment.

As long as the pressure of downhole chemical reactor 440
exceeds 990 psi, then phase change pumps 402-406 will
circulate well fluid indefinitely, as any amount of well fluid
discharged into the common conduit via the phase change
pump outlets will cause a corresponding discharge via the
relief valve 424. However, once the pressure of downhole
chemical reactor 440 falls below 990 psi, for example
because some or all of the gas within the reactor 1s utilized
to perform work, 1t then becomes easier for the common
conduit to discharge well fluid into the reactor via check
valve 426 than to discharge 1nto the wellbore via relief valve
424 . Note that this process can occur even as pressure from
downhole chemical reactor 440 1s actively being used,
meaning that the reactor can be recharged in substantially
real-time.

The discharge of well fluild into downhole chemical
reactor 440 may be small, but recall that only a small volume
of well tluid 1s required to react with reactant 442 to generate
a large amount of gas within the downhole chemical reactor.
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